G enetic susceptibility to congenital heart defects (CHDs) has been considered a component of multifactorial inheritance, although Mendelian inheritance has been established for some of these defects. 1, 2 A major contribution to the location of CHD genes has been provided by chromosome abnormalities. The TBX5 gene, which is related to Holt Oram syndrome, was cloned after fine analysis of a de novo translocation that disrupted the critical region at 12q24 in one patient. 3 A causal relationship between the mutation and deletion of the elastin gene and supravalvular aortic stenosis was established by sequencing the breakpoint at 7q11.23 in a family with a 6p;7q reciprocal translocation. 4 Conotruncal heart defects in DiGeorge and velocardiofacial syndrome patients are usually due to the haploinsufficiency of genes located at 22q11.2. 5 A wide spectrum of heart defects, including conotruncal anomalies, ventricular or atrial septal defects, pulmonary valve stenosis, patent ductus arteriosus, and persistent left superior vena cava, have been reported in patients with distal 8p deletions. 6 -14 It is unclear at present if a single gene or several genes in this region have a role in heart differentiation. Devriendt et al 14 defined an 8p heartdefect-critical region spanning a 10-cM segment defined distally by D8S1706 and proximally by D8S1759, and they suggested the transcription factor GATA4 as a candidate gene. We narrowed this region by studying 12 del(8p) patients, including 6 new cases, 7 of whom had CHDs. We also excluded a major role of GATA4 and angiopoietin-2 (ANGPT2) in these CHDs.
Methods

Patients
Patient karyotypes, cardiac findings, and other clinical manifestations are summarized in Table 1 . All the patients underwent cardiac examination by 2D and color Doppler echocardiography and by cardiac catheterization. All cases, except patients 1 and 2 in whom the chromosome abnormality was found at amniocentesis, were determined because of mental retardation and facial dysmorphisms and malformations.
Cytogenetics and Molecular Analysis
Lymphoblastoid cell lines were prepared from all patients after informed consent was obtained from them or their parents. Conventional cytogenetic and fluorescent in situ hybridization (FISH) analyses were performed on lymphocyte chromosome preparations from all patients. Yeast artificial chromosomes (YACs) spread in 8p from the CEPH human Mega-YAC library were obtained from Italian Genome Resources (IGeR). Subtelomeric sequences for chromosome 16q (Oncor Appligene) were used to investigate the reciprocity of the translocation t(8;16) in the father of case 10. FISH with P1 artificial chromosomes (PACs) containing GATA4 and ANGPT2 was performed to assess the involvement of these factors in the deleted critical region.
Short-tandem repeat polymorphisms (STRPs) at 8p loci were examined in patients 1, 3, 4, 7, 9, 11, and 12 and in some of their parents using routine methods with primers purchased from Research Genetics.
Screening of the human genomic PAC libraries (Genome Systems) was performed to obtain PACs related to GATA4 and ANGPT2. Primers for GATA4 were forward CCCCTCTTCCCTCCTCAAAT and reverse TTCCCCTGGCCGGGTTGTCG (D78260 GenBank accession number); for ANGPT2, they were forward CCCAGTCCAC-CTGAGGAACT and reverse TGCTTTGGTCCGTTAAGTGATG (AF004327 GenBank accession number). These primers were from cDNA sequences given in the 5Ј to 3Ј direction.
Results
Results of the FISH and STRP analyses are summarized in Table 2 , and the results of the parental origin of the abnormal chromosomes are shown in Table 3 .
Cases 1 and 2 showed the most distal deletions, covering Ͻ9 cM from D8S277 to the telomere (Figure 1a) . The parents of case 1 had normal karyotypes. The absence of paternal alleles at informative loci (Figure 2a ) indicated that the deletion was inherited from the father. Deletions in cases 3 through 5, which were previously defined as pter-D8S277, 15 were refined by FISH as pter-D8S1819, an interval of 10 cM from the 8p telomere ( Figure 1b ). These rearrangements are maternal in origin. 15 In case 6, FISH analysis defined the 8p breakpoint to a 5-cM region between WI-8327 and D8S1825. The patient's father had a reciprocal translocation t(8;16) (Figures 1c and  1d ). Case 7 was a recombinant 8 patient of Hispanic origin. 9 FISH analysis in the proposita assigned the 8p breakpoint to between WI-8327 and D8S1825 ( Figure 1e) ; the deletion spanned an interval of Ϸ15 cM. FISH analysis in case 8, which was previously reported as 46,XY, del(8)(p23), 8 disclosed a 11-cM interstitial deletion from WI-8327 to D8S1130 (Figure 1f ). The patient's parents had normal karyotypes.
Chromosome and FISH analysis in the parents of case 10 revealed a paternal translocation of t(8;16)(p23.1;q24). figure) is critical for heart defects. ϩ and Ϫ indicate the presence and absence, respectively, of FISH hybridization signals in the abnormal chromosome 8. 0, 1, and 2 refer to the alleles identified by STRPs that are present on the abnormal chromosome: 1 indicates that 1 allele is present, and 2 refers to the duplicated alleles in invdup(8p) cases. m and f indicate, respectively, the deletion of a maternal or paternal allele in STRP analysis; NI, noninformative STRPs.
*Absence and †presence of cardiac defects.
YAC 920-D-12 (CHLC.GATA25C10-D8S552) spanned the derivative chromosome 8 breakpoint (Figure 1g ), and the subtelomeric 16q specific sequences were found on der(8) (data not shown). Thus, the rearranged chromosome 8 in cases 9 and 10 was interpreted as der(8), t(8;16) (p23.1;q24). The deletion spanned an interval of Ϸ26 cM, from D8S552 to 8pter. STRP analyses in cases 11 and 12 and their parents showed that the deletions were larger compared with those in other patients and that they were, respectively, maternal and paternal in origin (Figures 2b  and 2c ). In summary, the deletions clustered within an 8-to 10-cM segment at distal 8p in cases 1 through 5, who did not have CHDs. The deletions were more proximally located in cases 6 to 12, who had CHDs. The smallest region of deletion overlap associated with a CHD was between WI-8327, the most proximal sequence-tagged site of contig WC8.0, and D8S1825, the most distal sequence-tagged site of contig WC8.1. In addition, FISH analysis with 2 GATA4 PACs revealed signals in the abnormal chromosome 8 in cases 6 and 7 and an absence in the deleted chromosome 8 in case 8 
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( Figure 3) ; FISH with one ANGPT2 PAC revealed signals in the abnormal chromosome 8 in case 8 but not in cases 6 and 7 (data not shown). These observations assign GATA4 as proximal to D8S1825 and distal to D8S1130 and ANGPT2, which was previously located between WI-3823 and CHCL.GCT18CO2, 16 distal to D8S1825.
Discussion
The present results define a 5-cM critical region at 8p23, between WI-8327 and D8S1825, in which Ն1 genes critical for heart differentiation are likely to be located. We found that all subjects with a deletion within this region (cases 6 to 12) had CHDs, whereas those with more distal deletions spanning from D8S1819 to the telomere (cases 1 to 5), did not. In case 6, the deletion is concurrent with trisomy 1q42-qter, which is an inconsistent cause of CHDs. 17 Because the breakpoint at 8p was disrupting the 8p heart-defect-critical region, a relationship of pulmonary stenosis with the rearrangement at 8p is more likely than the duplication of 1q. In cases 9 and 10, the 8p deletion was concurrent with a duplication of 16q24, which per se does not associate with CHDs. 18 Thus, in these cases, CHDs are likely due to del 8p. A consistent involvement of laterality defects was suggested in patients with distal del8p and CHDs; this was based on the nonrandom occurrence of atrioventricular canal defects, abnormalities of the pulmonary and systemic vein returns, pulmonary stenosis, single ventricle, transposition of the great arteries, and dextrocardia. 13 Additional CHDs associated with del 8p include atrial septal defects, patent ductus arteriosus, truncus arteriosus, double-outlet right ventricle, tetralogy of Fallot, and mitral atresia/stenosis. 12-14 A similar wide spectrum of different CHDs also occurs in patients with recombinant 8 syndrome. 9, 19 Our case 7 is a member of this extended family. These observations either suggest that a cluster of genes affecting heart differentiation is located on the distal chromosome 8p and the haploinsufficiency of each of them results in distinct CHDs or that a single gene in this region is critical for cardiac morphogenesis. Molecular investigations of 8p deletion in our cases 6 through 8 have narrowed the critical region to the 5-cM interval between D8S1825 and WI-8327.
An 8p heart-defect-critical region has been assigned to a 10-cM interval between D8S1706 and D8S1759. 14 Because GATA4 affects the initial steps of cardiac morphogenesis 20 and was deleted in 5 patients with del 8p and CHDs and was present in one patient without CHDs, Devriendt et al 14 considered this gene a candidate for heart defects associated with distal 8p deletions. Additional observations in other patients have supported a causal relationship between GATA4 haploinsufficiency and CHDs. 21 The present results showed that GATA4 was deleted in case 8 but not in cases 6 and 7. These observations do not support a causal relationship between a deficiency of this gene product and 8p-CHD. Similarly, it is unlikely that ANGPT2, a member of the vascular endothelial growth factor localized to 8p23, 16 is involved in these CHDs because it was not deleted in case 8. However, an impaired expression of these genes by a positional effect cannot be excluded. The present results also exclude any imprinting effect in CHDs associated with del 8p, which occur both in patients with paternally (cases 6, 7, 10, and 11) and maternally inherited (cases 9 and 12) deletions. 
